Abstract An urban survey of Lisbon, the largest city in Portugal, was carried out to investigate its environmental burden, emphasizing metallic elements and their public health impacts. This paper examines the geochemistry of lead (Pb) and its influence on human health data. A total of 51 soil samples were collected from urban recreational areas used by children to play outdoors. The semi-quantitative analysis of Pb was carried out by inductively coupled plasma mass spectrometry after an acid digestion. X-ray diffraction was used to characterize the soil mineralogy. The solid-phase distribution of Pb in the urban soils was investigated on a subset of 7 soils, out of a total of 51 samples, using a non-specific sequential extraction method coupled with chemometric analysis. Oral bioaccessibility measurements were obtained using the Unified BARGE Method developed by the Bioaccessibility Research Group of Europe. The objectives of the study are as follows: (1) investigation of Pb solid-phase distribution; (2) interpretation of Pb oral bioaccessibility measurements; (3) integration of metal geochemistry with human health data; and (4) understanding the influence of geochemistry and mineralogy on oral bioaccessibility. The results show that the bioaccessible fraction of Pb is lower when major metal fractions are associated with less soluble soil phases such as Fe oxyhydroxides, and more increased when the metal is in the highly soluble carbonate phase. However, there is some evidence that the proportion of carbonates in the soil environment is also a key control over the oral bioaccessibility of Pb, irrespective of its solid-phase fractionation.
Introduction
Urban soils are the 'recipients' of large amounts of environmental contaminants from a variety of sources including industrial wastes, vehicle emissions, coal burning waste and other activities. Some of these contaminants are widely recognized as human health burdens (Filippelli and Laidlaw 2010) . Lead (Pb) in particular is linked to severe cognitive and behavioural deficits (Lanphear et al. 2005; Chiodo et al. 2007) . In areas where playgrounds, public gardens and parks are exposed to significant pollution levels, soil and dust from the ground may have toxic effects as a consequence of inhalation or ingestion by humans, particularly children, which poses major health hazards (Ljung et al. 2007; Ottesen et al. 2008; ). Soil ingestion is referred to in a number of case studies as a probable source of Pb exposure in children with increased blood Pb levels in some areas. For instance in the USA, Johnson and Bretsch (2002) refer that the strong seasonal variation found in blood Pb levels of young children suggests the importance of contaminated soils as an exposure source; Morrison et al. (2012) found a high degree of variability between soil Pb and blood Pb levels but a good correlation between soil Pb and house interior Pb accumulation. In the solid phase, chemical elements occur as a complex mixture of compounds that includes discrete mineral phases, coprecipitated and sorbed species associated with soil minerals or organic matter, and dissolved species that may be complexed by a variety of organic and inorganic ligands. However, specific physicochemical forms usually are not included in environmental studies on urban soils. Yet, not all forms of a given potentially harmful element (PHE) are solubilized in the gastrointestinal (GI) tract (Wragg et al. 2007 ; Reis et al. 2013b ) and consequently absorbed to the same extent, which has implications in terms of health risk (Reis et al. 2013c) . Therefore, the geochemistry of a PHE not only controls mobility and fate but also its oral bioaccessibility (fraction of the contaminant that is soluble in GI fluids) and hence its oral bioavailability (fraction of the contaminant that is adsorbed in the GI tract). Palumbo-Roe et al. (2013) carried out bioaccessibility testing and mineralogical analysis on mine wastes from the Central Wales ore field and found out that the bioaccessibility of Pb was controlled by the mineralogical composition of the wastes. In a study on urban soils, Wragg et al. (2007) use multiple regression analysis to predict the bioaccessibility of As and conclude that the dominant mechanism controlling As bioaccessibility is the release from the Fe oxides. A number of in vitro protocols were developed to assess the oral bioavailability of an element from its bioaccessibility (Ruby et al. 1999; Oomen et al. 2003) . In Europe, such a protocol is currently under development by the Bioaccessibility Research Group of Europe (BARGE) . Determining the solid-phase fractionation in the soil environment may be used as additional lines of evidence to support in vitro bioaccessibility testing. Sequential selective chemical extractions are a widely used method for characterizing the distribution of elements in the solid phase (Li et al. 2001; Reis et al. 2012 ). However, a number of limitations are often associated with sequential chemical extraction schemes. Extensive reviews on the subject (Gleyzes et al. 2002; Filgueiras et al. 2002) illustrate the difficulty of finding a suitable method for all soil types and elements. Cave et al. (2004) propose a non-selective method coupled to chemometric analysis that is called chemometric identification of substrates and element distributions (CISED). The interpretation of the CISED resulting data can be considered more challenging than that of the data resulting from selective chemical extractions, since it requires a reasonable understanding on the geochemical and mineralogical characteristics of the solid matrices. However, several studies have been shown the CISED as a useful methodology for understanding the results provided by in vitro bioaccessibility tests (Palumbo-Roe and Klinck 2007; Wragg and Cave 2012; Cox et al. 2013) .
This paper presents and discusses mineralogical, geochemical (physico-chemical properties, pseudototal concentrations, solid-phase distribution of Pb) and health data (oral bioaccessibility of Pb in urban soils) obtained for seven soil samples that were subject to a multi-layering study. The objectives of the study are therefore to (1) interpret Pb oral bioaccessibility measurements obtained using the Unified BARGE Method (UBM); (2) investigate the solid-phase distribution of Pb using the CISED method, a non-specific sequential extraction coupled to chemometric analysis; (3) investigate the influence of soil geochemistry/mineralogy on oral bioaccessibility; and (4) integrate environmental data with human health data.
Materials and methods
The study area Lisbon is the largest Portuguese city, which has an area of 284 km 2 and roughly half a million inhabitants.
The smaller districts have higher population densities and are located near the Tagus River. Such districts outline the old part of the city, and the majority of small public gardens and playgrounds are located in this area (Fig. 1) . The altitude of the city varies between the 5 m along the Tagus River and 226 m (above sea level) at the Monsanto Forest Park. This park occupies an area of approximately 10 km 2 and is one of the largest urban parks in Europe. The relief of the city consists in a series of hills that are probably relics of ancient volcanic cones.
The land use is mostly artificial land (90 % of housing, pavements, commercial land, etc.) with minor uses as green land (9 %) and agricultural land (1 %, mostly private household backyards, some of which are used to grow vegetables).
As in most cities over the world, the majority of collected soil samples correspond to a mixture of original mineral soils, transported soils, organic materials, pavement debris, building materials (bricks, paint, concrete, metal), urban waste, ash and slag. However, both the geochemistry and mineralogy of soils collected inside the Monsanto Park are consistent with the underlying geology (Costa et al. 2012) , which is the volcanic complex of Lisbon. The origin, time in situ, type and periodicity of maintenance of soils collected outside the Monsanto Park is unknown.
Sampling and sample preparation
Soil samples were collected from locations distributed across the city, depending on the location of urban recreational areas frequently used by children (Fig. 1) . The sampling sites were selected in as regular pattern as possible across a study area of approximately 84 km 2 . In total, 51 samples were collected for the wider study of PHE in urban areas and seven soils from these were selected for this study of Pb.
At every location, a composite sample was collected which comprised of 3 samples collected from the upper 5 cm of the soil layer at the apexes of a triangle, at an approximate distance of 1 m from each other and mixed to minimize local heterogeneity. Duplicate samples were collected to estimate the sampling error and the lateral variability.
In the laboratory, soil samples were air-dried in a fan-assisted oven at \40°C and sieved to provide the \2-mm and\250-lm size fractions. A representative amount of the\2-mm fraction was grounded to a fine powder in an agate mill and used to determine physico-chemical properties of the soil. The \ 250-lm size fraction was used to obtain geochemical, mineralogical and health data.
Analyses
Soil pH was determined as pH (CaCl 4 ) according to the ISO10390:1994 protocol. Soil organic matter (SOM) was determined by loss-on-ignition, at 430°C for about 16 h (Schumacher 2002) . Elemental analysis of carbon, nitrogen, hydrogen and sulphur (C, N, H and S) were determined by element analyser. The soil organic carbon (OC) content was determined with H 3 PO 4 (Skalar Primac SCN) after the elimination of carbonates (Cachada et al. 2012) . Cation exchange capacity (CEC) and the exchangeable cations were measured according to the ISO13536-1995 protocol. These soil properties were determined in the \2-mm soil size fraction that it is the size fraction usually used in environmental studies.
Soil samples were digested using aqua regia at 95°C, and the semi-quantitative analysis was carried out by ICP-MS at ACME Analytical Laboratories Ltd., Canada. Precision of the results was determined through the analysis of laboratory replicates, sample duplicates, blanks and certified soil reference materials (Soil S1, Laboratory of Radiometric Analysis, Krakow, Poland; 7002, Analytika Co. Ltd, Czech Republic; NCSZC73004, China National Analysis Centre for Iron and Steel, China). Results of method blanks were always below detection limits. The results show values for precision (expressed as RSD %) that are \10 %, for all elements. The recoveries obtained for Pb in the certified soil reference materials vary between 81 and 107 %, within acceptable ranges.
The semi-quantitative mineralogical analysis of a subset of samples (seven soil samples in total) was carried out by X-ray diffraction, following the criteria of Schultz (1964) , Thorez (1976) , Galhano et al. (1999) and Oliveira et al. (2002) . The clay fraction (\2 lm) was obtained by sedimentation according to the Stoke's law. The identification of clay minerals was carried out using a Philips PW 3050 and X'Pert PW 3040/60 XRD equipment, through Cu Ka radiation.
In order to determine the exposure to Pb by the ingestion of urban soils, the bioaccessibility of Pb was determined by subjecting a subset of soil samples to the Unified BARGE Method (UBM), developed by the Bioaccessibility Research Group of Europe (BARGE). The UBM simulates the leaching of a solid matrix in the human GI tract and is a two stage in vitro simulation that represents residence times and physico-chemical conditions associated with the gastric tract (G phase) and the gastrointestinal tract (GI phase). The methodology has been validated against a swine model for arsenic (As), cadmium (Cd) and Pb in soils (Denys et al. 2012) . In this study, the concentrations used are those reported to the G phase that is considered to provide a more conservative estimate of risk (Farmer et al. 2011) . The bioaccessible extracts were analysed by ICP-MS at the University of Aveiro Laboratory and by ICP-AES at the British Geological Survey (BGS) laboratory. Duplicate samples, blanks, the bioaccessibility guidance material BGS 102 and the standard reference material NIST2711a were extracted with every batch of UBM bioaccessibility extractions for quality control. The blanks always returned results that were below the detection limit. The Pb recovery was 98 % for BGS 102 and 101 % for NIST2711a. Mean repeatability (expressed as RSD %) was 5.6 % for the G phase.
The bioaccessible fraction (BAF) of Pb was calculated as follows:
To investigate the solid-phase distribution of Pb in each soil sample, a selected subset of seven samples from the total under investigation were subjected to the CISED method, which was developed by Cave et al. (2004) . It is a non-selective sequential method that uses increasing concentrations (0.01, 0.05, 0.1, 0.5, 1 and 5 M) of aqua regia as extracting solutions, followed by ICP-AES analysis of major and trace elements of the extracts. A data processing algorithm is used to identify the number of physico-chemical components extracted, their composition and the proportion of each in each extract.
Results and discussion
Soil properties and bulk mineralogy Table 1 shows data for some soil properties measured in the subset of seven samples. From the studied samples, only soil of site 14 is classified as residual and in situ soil (Costa et al. 2012) , formed by weathering of basalts (volcanic complex of Lisbon). The origin, time in situ, type and periodicity of maintenance of the other urban soils are unknown, which may explain the lack of correlation between textural features of the soil and the local geology (Costa et al. 2012) . Soils under study have neutral/near neutral pH values that range from 6.4 to 7.0, while the SOM is typical of garden soils (median value of 8.5 %). Under the near neutral pH of these soils, Pb tends to be immobile as it is more soluble in non-calcareous soil below pH 5.2 (Salminen et al. 2005) . The OC varies between 1.03 and 3.77 %, indicating that the soils have important amounts of inorganic carbon (probably as carbonates). The CEC of the soils is considerable, with values ranging from 5.27 to 48.26 cmol/kg, which is probably due to the important amounts of SOM in the samples under study. The more abundant exchangeable cation is exchangeable Ca (median values of 2.24 cmol/kg) and the percentage of base saturation (%BS) varies between 22.36 and 42.61 %, which are properties that give to the soils the capacity of neutralizing acidity in a short time period. The concentrations of TC, TN, TH and TS (expressed as relative proportions) are in the ranges of 1.5-24.5, 0.02-1.07, 0.2-2.81 and 0.02-0.11 %, respectively. Soils 14 and 47 are calcareous soils that have elevated amounts of calcite and trace amounts of dolomite labelled as calcareous soils. Soils 5, 8, 18, 33 and 39 have a predominance of silicate minerals (mostly quartz, K-feldspar and plagioclase) in variable proportions (Costa et al. 2012) and are labelled as siliceous soils. However, most soils have important amounts of carbonates, probably with an anthropogenic origin. As an example, we can refer that pavement debris with a carbonate composition is visible in the bulk soil sample collected from site 39. Clay minerals such as kaolinite, smectite and illite were also identified (Costa et al. 2012) . Illite is the predominant clay in soils 8, 33, 39 and 47, while sample 14 has important amounts of smectite. Since smectite has a high CEC, the increased CEC value determined for this soil is likely due to the presence of smectites (Costa et al. 2012) . Pseudo-total and bioaccessible lead concentrations
Oral bioaccessibility refers to the fraction of a contaminant that is released from soil into solution by GI fluids and represents the maximum amount of contaminant that is available for intestinal absorption (Ruby et al. 1999; Rodriguez et al. 1999) . In general, only a fraction of these bioaccessible contaminants can be absorbed by the intestinal epithelium and reaches the systemic circulation (bioavailable fraction). If the soluble fraction is the maximum concentration of contaminant that is available for absorption then bioaccessibility is a key factor limiting bioavailability and can be used as a conservative surrogate of bioavailability for risk assessment purposes. Table 2 shows pseudo-total and bioaccessible concentrations of Pb determined for the subset of seven samples. The table also presents BAF values that were calculated using concentrations extracted in the G phase of the UBM. The values are in the range 71-441 mg kg -1 for total Pb soil contents, in the range 47-261 mg kg -1 for bioaccessible concentrations and in the 45-92 % range for BAF estimates. The variability for the BAF is probably due to the physicochemical properties of the Pb species present in the solid phase. Figure 2 shows XY graphs for pseudo-total concentrations, bioaccessible concentrations and BAF of Pb. The first plot (Fig. 2a) shows that more increased total concentrations correspond to more increased bioaccessible concentrations of Pb. However, no linear association was found between total concentrations and BAF (Fig. 2b) . Therefore, the BAFs seem to be independent from the total Pb soil content, indicating that the total concentration is not a good indicator of the associated health risk.
Solid-phase distribution of lead
The solid-phase distribution study was carried out using the CISED method on a selected subset of seven samples from the 51 under investigation.
Pseudo-total concentrations of Pb were used to calculate recoveries of the CISED extractions that are in the range 75-104 %. One duplicate sample extracted by different laboratories has recoveries of 100 % (University of Aveiro) and 90 % (BGS). One duplicate sample extracted by the same laboratory (University of Aveiro) has recoveries of 98 and 100 %. The good recoveries in the duplicate samples suggests that lower recoveries are probably due to the presence of more resistant Pb-containing mineral phases that are not dissolved by the CISED extracting solutions. The CISED-extracted components, their geochemical tentative assignment and plots showing the distribution of Pb in the identified components are presented in Tables 3, 4 and 5.  Table 3 presents the results obtained for soil samples 8 and 39 that have Pb mainly associated with the SOM. Site 8 is a public park; the soil has a siliceous composition and an important SOM contents (Table 1 ). The chemometric model is composed by seven components (Table 3) . Lead is clearly associated with the 6th (98 % of the total Pb soil content) that is defined by the association of Mg-Al-P. Phosphorus (P) occurs in soils as both organic and inorganic forms, in variable proportions. The geochemical composition of the 6th component as defined by the mixture resolution modelling technique indicates a soil phase that is S-depleted, suggesting an inorganic form for P (phosphates). Lead associated with a phosphate phase is not an odd result since several studies (Cao et al. 2009; Park et al. 2011) indicate that Pb in soils can be immobilized using phosphate compounds. Phosphate phases have the ability of sorbing a number of metals, Pb included. However, this soil has important contents of SOM and OC (Table 1) . Therefore, the 6th component is assigned to an organic soil phase (SOM). Although 98 % of the total Pb soil content is extracted with this component, it represents only 4 % of the total extracted solids and is considered to be a minor soil constituent. Sample 39 was collected from a playground inside a public garden that has limestone pavements. The soil has a silicate composition but the amount of carbonate minerals reaches approximately 30 % of the bulk mineralogical composition. Physical weathering of the limestone pavement is the probable source of carbonates in the soil. The chemometric model has nine components, and most of the extracted Pb is associated with the 5th (94 % of total Pb soil content), which is interpreted as an organic phase (SOM) and is extracted by medium-to high-acid concentrations (Table 3) . Approximately 3.5 % of the total Pb concentration is in Ca carbonates. The extracted Pb components represent 30 % of the total Table 4 shows the results obtained for soil samples 5, 18 and 33 that have important metal fractions associated with carbonates. Sample 5 corresponds to a garden soil with a siliceous composition. The chemometric model has nine components (Table 4) , and Pb is mainly associated with the 5th (29 % of the total Pb soil content) and 6th components (69 %) (graph A). The 5th component is geochemically assigned to an Al-Mg-rich carbonate phase, while the 6th is interpreted as clay minerals. The two soil constituents were solubilized by the medium acid concentrations (graph B). Minor amounts of Pb are present in pore water soluble salts. The extracted Pb components represent 24 % of the total extracted solids. Site 18 corresponds to a garden soil with a siliceous composition. The mixture resolution modelling technique identified seven components, and Pb is mainly associated with the 4th (93 % of total Pb soil content), which is defined by the association of Ca-Al and geochemically assigned to Al-rich carbonates (Table 4) . This Pb component is extracted by medium acid concentrations and represents 11 % of the total extracted solids. A minor fraction of total Pb (5 %) is probably absorbed at the surface of clay minerals (6th component in Table 4 ). Sample 33 was collected from a small urban garden that is located within an area of intense car traffic and near an old petrol station. The chemometric model has nine components, and Pb is mainly associated with the 5th component (91 % of the total Pb soil content), which is defined by the association of Ca-Mg and interpreted as a carbonate phase. This Pb component is extracted by medium acid concentrations and represents 16 % of the total extracted solids. Minor fractions of the total Pb concentration are associated with Fe-Al oxyhydroxides (8 %). Although the carbonates seem to be important hosts of Pb in these three soils, the sample 5 has a different solid-phase fractionation because the major metal fraction is associated with clays. Table 5 presents the CISED results obtained for soil samples 14 and 47 that correspond to calcareous soils and have Pb mainly associated with Fe oxyhydroxides. Sample 14 was classified by Costa et al. (2012) as a natural and in situ calcareous soil. The chemometric model has seven components (Table 5) . Lead is mainly associated with the 6th (88 % of total Pb soil content) that is interpreted as Fe oxyhydroxides and is extracted by medium-to high-acid concentrations. A small fraction of Pb (11 % of total Pb soil content) is associated with Ca carbonates (4th component). The main Pb host (Fe oxyhydroxides) represents 5 % of the total extracted solids and it is considered to be a minor soil constituent. Site 47 is a small public garden located near the shipyard that is an important anthropogenic source of environmental Pb. The soil is calcareous but there are no evidences that it corresponds to a residual soil. The modelling technique identifies nine components (Table 5) , and Pb is mainly associated with the 4th (91 %) that is geochemically interpreted as amorphous Fe oxides. This component is extracted by medium-to high-acid solutions. Minor metal fractions are also associated with crystalline Fe oxides (5 %) and carbonates (2 %). In this sample, the extracted Pb components represent 93 % of the total extracted solids indicating that, in this soil, Pb phases are major soil constituents.
The overall interpretation of the data resulting from the solid-phase distribution study shows that: (1) in calcareous soils (samples 14 and 47), Pb is mainly associated with Fe oxyhydroxides, while in siliceous soils, carbonates and SOM are common host phases for the metal; (2) extracted components assigned as Ca carbonates are normally Pb depleted but Al-Mg-rich carbonates commonly have Pb; and (3) in the seven soils under study, Pb is usually extracted by mediumto high-acid solutions, which suggests that the host phases of Pb are not readily soluble in the soil environment.
Discussion of results Figure 3 shows plots with the solid-phase distribution of Pb for the subset of seven soil samples. Aiming for a better understanding on the relation between geochemical and health data, the bioaccessible concentration of Pb is also displayed in the graphs (dashed grey line).
Samples 8 and 39 are siliceous soils that have a similar solid-phase fractionation for Pb (Table 3) . More than 90 % of the total Pb content is associated with SOM (Table 3) in both samples. However, according to Fig. 3 , this soil phase is only partially soluble in the G fluids. In fact, the BAF values are 66 % for sample 8 and 59 % for sample 39. Organic complexation of metals in soil is not as well understood as inorganic complexation because of the difficultly of identifying the large number of organic ligands that may be present in the soil environment. Binding of metals to SOM involves a continuum of reactive sites, ranging from weak forces of attraction to formation of strong chemical bonds (US EPA 1992) and deriving different solubility. It is therefore reasonable to assume that different organic ligands in the soil environment can derive different bioaccessibility estimates. For example, Caboche et al. (2010) indicate a value of 35 % as the mean BAF of Pb associated with SOM, which is slightly lower than the values found in this study.
Lead in the siliceous soils 18 and 33 has a similar solid-phase distribution (Table 4) . Major metal fractions (%95 % in soil 18 and 91 % in soil 33) are associated with carbonates. These carbonate components seem to correspond to the bioaccessible forms of Pb (Fig. 3c, d ) in the soil environment. This result is in good agreement with the estimated BAF value of 92 % (Table 2) high-acid extracting solutions. Data presented in Table 4 indicate that a significant fraction of the total Pb content is in Fe oxides, and the CISED high-acid extracting solutions (aqua regia 5M) may not be able to dissolve more crystalline Fe oxides. Nevertheless, the results suggest that the Pb fraction in the carbonates phase is easily solubilized by the G fluids (Fig. 3d) .
In soil sample 5, the major metal fraction seems to be associated with clays (Table 4) . However, an important fraction (approximately 30 %) is in the carbonate phase. According to Fig. 3g , the proportion of Pb in bioaccessible forms corresponds mainly to the metal fraction that is in Al-Mg carbonates. However, the metal fraction associated with clays appears to be partly soluble in the G fluids.
Soil at sites 14 and 47 is calcareous, and the solidphase fractionation study shows that Fe oxyhydroxides are the main hosts of Pb (Table 5) . However, only a fraction of Pb in Fe oxyhydroxides is bioaccessible (Fig. 3e, f For the subset of seven samples under study, the BAF of Pb varies from about 90 % when the metal is in the highly soluble carbonate phase to 45 % when Pb is associated with the less soluble Fe oxyhydroxides. This result indicates a strong control of the solid-phase fractionation of Pb over its bioaccessibility. However, some studies indicate that the overall mineralogical composition of the soil also influences the bioaccessibility of PHEs. Pelfrêne et al. (2013) propose that higher Pb bioaccessibility in urban soils is due to high carbonate contents. In a previous study on the oral bioaccessibility of Pb in the urban soils of Lisbon that involved 19 soil samples, Reis et al. (2013c) refer a negative relation between the bioaccessibility of Pb and the carbonate content of the soil for samples with more than 20 % of carbonate minerals in the bulk mineralogical composition.
To investigate a probable control of the soil mineralogy over the bioaccessibility of Pb, the BAF estimates are plotted against relative proportions of carbonates (Fig. 4) in the soil environment. An antipathetic behaviour is observable between the carbonate content of the soil and the BAF of Pb, with decreasing amounts of carbonates resulting in higher BAF values. It is likely that the dissolution of important amounts of carbonates by the acidic G fluids can result in an increase of hydroxy carbonate anions available in solution, and that under such conditions, Pb can form insoluble compounds with the anions. However, further investigation is necessary to confirm chemical/mineralogical transformations that may occur in the gastric environment. But if it is a fact that the calcareous soils have lower BAF estimates, it is also certain that in these soils Pb is associated with Fe oxyhydroxides (Fig. 4) , which are less soluble soil phases. Moreover, if soils with higher BAF values correspond to silicate soils with lower proportions of carbonate minerals, these are also the soils in which the major hosts of Pb are carbonates that seem to be highly soluble in the G fluids. In this sense, it is difficult to establish the role of soil carbonates in the bioaccessibility of Pb. Nevertheless, it is worthwhile to discuss further the results obtained for soils 5 and 33. In soil 33, approximately 90 % of Pb is in the highly soluble carbonate phase against only 30 % in soil 5 that has also an important metal fraction associated with clays. But although Pb in soil 5 exists in less soluble soil phases, its bioaccessibility is more increased (Table 2) , which is an unexpected result. One possible explanation is that this sample has the lowest proportion of carbonate minerals (only &7 % of the bulk mineralogical composition). The results discussed in this study suggest that the solid fractionation of Pb is the key control over its oral bioaccessibility. However, such results do not discard the hypothesis that the carbonate content of the soil may be another key factor limiting the oral bioaccessibility of this PHE. If the proportion of carbonates modifies the oral bioaccessibility of Pb, irrespective of its solid-phase fractionation, this soil property may be a suitable predictor of bioaccessibility and should be taken into consideration in human health risk assessment studies. But further studies are essential to fully understand this decisive link between the soil mineralogy and the bioaccessibility of Pb.
Conclusions
This paper reports the results of a multi-layered study carried out for a subset of seven soil samples, out of a total of 51 urban soils, and aims integrating metal geochemistry data with human health data.
The solid-phase fractionation of Pb is variable among the studied samples but Mg-Al-rich carbonates seem to be common host phases of Pb. Unexpectedly, the results indicate that Fe oxyhydroxides are major hosts of Pb in carbonate soils. At site 47, a small urban garden in the old city, the extracted Pb components represent 93 % of the total extracted solids indicating that, in this soil, Pb-containing soil phases are major soil constituents. An urban soil where the majority of the soil constituents contain Pb would certainly represent an increased environmental threat because the majority of its constituents have the ability of fixing environmental Pb.
The joint interpretation of data resulting from CISED and UBM extractions indicates that Pb in carbonates is commonly bioaccessible but Pb-containing soil phases, such as SOM or Fe oxyhydroxides, are only partially soluble in the G fluids.
The BAF of Pb is lower when major metal fractions are associated with Fe oxyhydroxides, which are less soluble soil phases and more increased when the metal is associated with the highly soluble carbonate phase. In this study, the joint interpretation of geochemical and human health data indicates that the solid-phase fractionation is the key control over the oral bioaccessibility of Pb and shows that studies on the solidphase fractionation of a given PHE can be used as additional lines of evidence to support in vitro bioaccessibility testing.
However, samples that have lower BAF values correspond to the calcareous soils. Moreover, samples with increasing proportions of carbonate minerals have decreasing BAF values, suggesting some control of the soil mineralogical composition over the oral bioaccessibility of Pb in the gastric phase. Further investigation is necessary to achieve increase knowledge on the interactions between the solid matrices and the physiological fluids.
Multi-layered studies that integrate geochemical, mineralogical and human health data carry more complex interpretations, are costly and cannot be carried out for large sets of samples. However, such studies would be powerful tools for human health risk assessment purposes as they (1) are site specific and therefore include a number of site specificities in the risk assessment, (2) provide increased knowledge on the bioaccessibility estimates, (3) indicate suitable predictors of the oral bioaccessibility of the PHEs and (4) can be used to reduce the uncertainties associated with the prediction of the health risk.
